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Unexpected Requirement for ZAP-70
in Pre-B Cell Development and Allelic Exclusion
In addition, pro-B cells express CD43. As they differenti-
ate into pre-B cells following pre-BCR signaling, they
lose expression of CD43 but gain expression of CD2
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cules Ig and Ig, in particular, on tyrosine-containingand Applied Immunology
sequences in their cytoplasmic tails known as immuneThe Institute of Medical Science
receptor tyrosine-based activation motifs (ITAMs). ThisUniversity of Tokyo
is strongly supported by the analysis of mice with muta-Tokyo 108
tions in the cytoplasmic domains of both Ig and Ig,Japan
where development is completely blocked at the pro-B
cell stage (Reichlin et al., 2001; Kraus et al., 2001). Direct
biochemical studies of pre-BCR signaling have beenSummary
hampered by limited availability of the relevant cell type
(pro-B cells) and the uncertainty of whether the receptorZAP-70, a member of the Syk family of tyrosine ki-
needs to bind a ligand to signal or whether simply as-nases, has been reported to be expressed exclusively
sembly of the pre-BCR/Ig/Ig complex is sufficient.in T and NK cells. We show here that it is expressed
Instead, insights have come from the study of signalingthroughout B cell development and that it plays a role
from the related BCR which also associates with Igin the transition of pro-B to pre-B cells in the bone
and Ig. Activation of the BCR results in rapid phosphor-marrow, a checkpoint controlled by signals from the
ylation of tyrosines within the ITAMs of Ig and Ig,pre-B cell receptor (pre-BCR), which monitors for suc-
most likely by Src family kinases (Kurosaki, 1999). Phos-cessful rearrangement of immunoglobulin heavy chain
phorylated ITAMs serve as docking sites to recruit thegenes. Whereas mice deficient in Syk show a partial
Syk tyrosine kinase, leading to its phosphorylation andblock at this step, mice mutant in both Syk and ZAP-
activation, and the subsequent phosphorylation of mul-70 show a complete block at the pro-B cell stage and
tiple downstream targets. The importance of Syk in BCRa failure of heavy chain allelic exclusion, hallmarks of
signaling was formally shown by gene targeting in thedefective pre-BCR signaling.
DT40 cell line, a chicken B cell leukemia (Takata et al.,
1994).Introduction
Surprisingly, we and others showed that in the ab-
sence of Syk, B cell development in the mouse is onlyB cell development in the bone marrow proceeds
partially blocked at the pro-B to pre-B cell transitionthrough a series of developmental checkpoints which
(Turner et al., 1995; Cheng et al., 1995), suggesting themonitor for productive rearrangement of immunoglobu-
existence of a Syk-independent pre-BCR signaling path-lin genes (Hardy and Hayakawa, 2001; Rolink et al.,
way. One possibility is functional redundancy, with an-2001). In pro-B cells, the earliest B lineage compartment,
other kinase substituting for Syk; however, the only other
heavy chain gene rearrangement, is initiated, first joining
known Syk family kinase is ZAP-70, an enzyme pre-
DH to JH genes and then VH to DJH genes. In-frame re- viously reported to be expressed exclusively in T and
arrangement leads to the synthesis of membrane-bound NK cells but not B cells (Chan et al., 1992). In this study
 heavy chain, which associates with the surrogate light we examine this possibility directly by generating mice
chains 5 and VpreB to form the pre-BCR (Hardy and carrying mutations in both Syk and ZAP-70. We show
Hayakawa, 2001; Rolink et al., 2001). Correct assembly that in the absence of both kinases there is a complete
of the pre-BCR and subsequent signaling from the re- block in B cell development at the pro-B cell stage imme-
ceptor allow differentiation of the pro-B cell to the next diately prior to pre-BCR signaling and that the require-
compartment, the pre-B cell, and a proliferative expan- ment for ZAP-70 is intrinsic to the B cell lineage. Consis-
sion of cells expressing  chain. At the same time, in a tent with this, we show that ZAP-70 is expressed
process known as allelic exclusion, heavy chain gene throughout B cell development. Furthermore, we show
rearrangement is shut off, thus ensuring that only one that in pro-B cells deficient in both Syk and ZAP-70,
functional  chain is synthesized. Subsequently, surro- pre-BCR signals fail to induce differentiation into pre-B
gate light chain expression is turned off, whereas  and cells, proliferative expansion, and heavy chain allelic
 light chain gene rearrangement is upregulated, leading exclusion.
to the synthesis of IgM, the B cell antigen receptor (BCR),
on the surface of immature B cells. Each of these stages Results
can be distinguished by the expression of cell surface
markers (Hardy and Hayakawa, 2001). Almost all B lin- Complete Block in B Cell Development at the Pro-B
eage cells in the bone marrow express B220 and CD19. Cell Stage in the Absence of Both Syk and ZAP-70
We and others had shown earlier that disruption of the
Syk gene results in a partial block at the pro-B to pre-B*Correspondence: vtybule@nimr.mrc.ac.uk
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cell transition (Turner et al., 1995; Cheng et al., 1995), ras and absent in Syk/ZAP-70/ chimeras (Figure 1E).
Fraction C is absent in Rag1- or Rag2-deficient mice,suggesting the existence of a Syk-independent pre-BCR
which are unable to rearrange heavy chain genes, andsignaling pathway. The only other known Syk family
contains cells that develop as a consequence of a pre-kinase is ZAP-70; however, its expression had been
BCR signal (Shinkai et al., 1992; Spanopoulou et al.,reported to be limited to T and NK lineage cells (Chan
1994). Taken together, the data shows that in the ab-et al., 1992). In spite of the reported expression pattern,
sence of Syk and ZAP-70, B cell development is com-we decided to address formally the possibility of func-
pletely arrested at pro-B cell fraction C immediately priortional redundancy between Syk and ZAP-70 in pre-BCR
to the pre-BCR checkpoint.signaling by crossing together mice carrying mutations
in Syk and ZAP-70 (Turner et al., 1995; Kadlecek et
al., 1998). Since the Syk mutation results in perinatal Requirement for ZAP-70 Is Intrinsic
lethality associated with petechial hemorrhaging (Turner to B Lineage Cells
et al., 1995; Cheng et al., 1995), all analysis was carried In view of the reported absence of ZAP-70 in B cells
out using radiation chimeras made by reconstituting and the unexpected finding that a mutation in ZAP-70
the hematopoietic system of irradiated wild-type mice exacerbates the phenotype of Syk/ mice, we asked
with fetal liver cells of the appropriate genotypes. Host whether the requirement for ZAP-70 was intrinsic to the
and donor B lineage cells were distinguishable by the B cell lineage or whether the effect of the mutation was
presence or absence, respectively, of the cell surface through some other cell type that may provide help for
marker Ly9.1. As previously described, in the absence B cell development in the bone marrow. We constructed
of Syk (Syk/), IgMIgD immature B cells are still gen- radiation chimeras reconstituted with a mixture of Syk/
erated, albeit in reduced numbers, whereas there were and Syk/ZAP-70/ fetal liver cells distinguishable by
no detectable IgMIgD mature B cells (Figures 1A and the expression of the Ly9.1 antigen. Whereas Syk/
1B) (Turner et al., 1997; Cornall et al., 2000). In contrast, cells developed into CD19CD2 pre-B and CD19IgM
chimeras reconstituted with ZAP-70/ cells showed immature B cells, in the same mice Syk/ZAP-70/
wild-type levels of both immature and mature B cells. hematopoietic cells were still completely blocked at the
CD19CD2IgM pro-B cell stage (Figures 2A and 2B).However, in chimeras reconstituted with fetal liver cells
Thus, in the absence of Syk, ZAP-70 is required withinmutant in both Syk and ZAP-70 (Syk/ZAP-70/)
the B lineage itself for progression from pro-B to pre-Bno IgM cells could be detected, suggesting that a
cells. In view of this result, we decided to reexamine thedevelopmental block had occurred before the immature
issue of ZAP-70 expression within the B lineage. ByB cell stage. To narrow this down further, we analyzed
immunoblotting we could detect the presence of ZAP-the expression of cell surface markers that distinguish
70 in pro-B, pre-B, and splenic B cells (Figure 2C). Thepro-B (B220CD19CD43CD2CD25) from pre-B
lack of ZAP-70 expression reported in previous publica-(B220CD19CD43CD2CD25) cells. This showed
tions may be due to analysis of immortalized B cell lines,that, in chimeras reconstituted with Syk/ZAP-70/
rather than primary cells, or to the recent availability offetal liver, pro-B cells were present in elevated numbers,
more sensitive antibodies used in this study.whereas no pre-B cells could be detected at all (Figures
1C, 1D, and 1F and data not shown). Once again, muta-
tion of only ZAP-70 showed no effect, whereas Syk/ Normal Synthesis of Pre-BCR Components
chimeras had reduced numbers of pre-B cells as pre- in Syk/ZAP-70/ Pro-B Cells
viously described (Turner et al., 1995; Cheng et al., 1995). The arrest of B cell development in Syk/ZAP-70/
Pro-B cells can be further subdivided on the basis of chimeras at the pro-B cell stage could be due to a failure
expression of the HSA and BP-1 surface antigens into to rearrange heavy chain genes, synthesize  chain,
a number of fractions termed A, B, C, and C, reflecting assemble a pre-BCR, or to defective signaling from the
their developmental order (Hardy et al., 1991). Analysis pre-BCR or other receptors. We examined each of these
of chimeras showed that, irrespective of genotype, frac- possibilities in turn. PCR analysis of heavy chain re-
tions A and B were present in normal numbers, whereas arrangement showed normal DH-JH as well as VH-DJH
fraction C was increased in Syk/ and Syk/ZAP-70/ joining in fetal liver cells deficient in Syk, ZAP-70, or both
(Figure 3A). Importantly, the rearrangement in Figurechimeras and fraction C was reduced in Syk/ chime-
Figure 1. B Cell Development Is Blocked at the Pro-B Cell Stage in Syk/ZAP-70/ Chimeras
Flow cytometric analysis of bone marrow cells from radiation chimeras reconstituted with fetal liver cells from wild-type (Wt), ZAP-70/,
Syk/, or Syk/ZAP-70/ embryos, in all cases gated by scatter for lymphocytes and on Ly9.1 cells to exclude host cells.
(A) Expression of B220 and IgM. Numbers show percentages of cells falling into the four quadrants.
(B) Expression of IgM and IgD on donor B220 cells gated on the upper two quadrants of (A). Numbers show percentage of cells falling into
the four quadrants.
(C) Expression of CD19 and CD2. Numbers show percentages of CD19 cells that are CD2 or CD2 as gated.
(D) Expression of B220 and CD43. Numbers show percentages of B220 cells that are CD43 as gated.
(E) Expression of HSA and BP-1 on CD19CD2 cells gated as in (C). Numbers show percentages of cells that are in fractions A, B, C, and
C, gated as shown.
(F) Graph showing numbers of donor-derived pro-B (Ly9.1CD19CD2IgM), pre-B (Ly9.1CD19CD2IgM), and immature and mature
(Ly9.1CD19CD2IgM) cells in bone marrow of chimeras. Bars and error bars represent mean and SEM of numbers of cells in two femurs
and two tibia per mouse. Numbers significantly different from wild-type are indicated: * 0.01 	 p 	 0.02, ** 0.001 	 p 	 0.01, *** p 	 0.0001.
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Figure 2. ZAP-70 Is Required and Expressed
within B Lineage Cells
(A) Flow cytometric analysis of bone marrow
from radiation chimeras reconstituted with
Syk/ or Syk/ZAP-70/ fetal livers or with
a mixture of the two (mixed chimeras). Two
plots from different mice are shown for the
mixed chimeras. Plots show expression of
IgM and Ly9.1 on B220 cells excluding host
cells (H-2Kb). Ly9.1 distinguishes the two
donor populations: Syk/ cells were Ly9.1;
Syk/ZAP-70/ were Ly9.1. Numbers
show percentages of cells of each genotype
that were IgM.
(B) As in (A) showing expression of CD2 and
Ly9.1 on CD19 cells excluding host cells
(Ly9.1hiH-2Kb).
(C) Immunoblot of total cytoplasmic lysates
of wild-type or ZAP-70/ thymocytes, as well
as ZAP-70/ pro-B, pre-B, and splenic B
cells, probed with antibodies to ZAP-70. The
same blots were reprobed with antibodies to
tubulin and ERK-1,2 as indicated to give an
indication of protein loading. Pro-B cells were
CD19CD2 cells sorted from B10.D2-
Rag1/ mice (Spanopoulou et al., 1994), pre-
B cells were CD19CD2 cells sorted from
C57BL/10-Rag1/ mice containing the
HC186 heavy chain transgene (Young et al.,
1994) in which development is arrested at the
pre-B to immature B cell transition, and
splenic B cells were CD19 cells sorted from
B10.D2 mice. Numbers of cells loaded into
each lane are shown. Densitometry indicates
that, normalized to the expression of ERK2,
pro-B, pre-B, and splenic B cells express five
to ten times less ZAP-70 than thymocytes.
3A was assessed using primers specific for theVHJ558 with mutations in the cytoplasmic domains of Ig and
Ig (Reichlin et al., 2001). In both these cases, B cellfamily of VH genes which lie at the 5 end of the VH cluster,
furthest from the DH and JH genes. Rearrangement of development is completely blocked at the pro-B cell
stage because a functional pre-BCR cannot be assem-these frequently used distal VH genes is defective in
mice with mutations in the IL-7 receptor, leading to a bled; however, heavy chain rearrangement is not af-
fected. Finally, we examined synthesis of surrogate lightreduced efficiency in the synthesis of  chain and hence
to a block at the pro-B cell stage of development (Corco- chains by flow cytometry (Figure 3C). This showed that,
similar to Rag1/ mice, Syk/ and Syk/ZAP-70/ Bran et al., 1998). Thus, our results suggest that the
Syk/ZAP-70/ phenotype is not due to defective IL-7 lineage cells expressed elevated levels of both 5 and
VpreB, consistent with a block in development at thereceptor signaling, which was a possibility in view of the
reported activation of Syk by the related IL-2 receptor pro-B cell stage, since differentiation into pre-B cells
is associated with repression of surrogate light chain(Minami et al., 1995). To quantitate expression of heavy
chain, we measured levels of intracellular  in pro-B and synthesis (Grawunder et al., 1995). Taken together,
these results show that rearrangement of heavy chainpre-B cells of all four genotypes (Figure 3B). In wild-
type and ZAP-70/ chimeras, around 75% of cells were genes and subsequent synthesis of , as well as synthe-
sis and surface expression of surrogate light chains, ispositive for intracellular , whereas in Syk/ZAP-70/
chimeras this was reduced to 20%, consistent with the unaffected by the Syk/ZAP-70/ mutations, sug-
gesting that the formation of a pre-BCR is also not af-absence of pre-B cells, all of which normally express
intracellular . Once again, Syk/ chimeras showed an fected.
To confirm that the pro-B cell block in Syk/ZAP-intermediate phenotype with 44% of  cells, due to a
partial reduction in pre-B cells. It is notable that the 20% 70/ chimeras was not due to the failure to generate a
functional immunoglobulin heavy chain, we made usefraction of  cells in Syk/ZAP-70/ chimeras is very
similar to the result found in MT mice defective in of the 3-83
 (3-83) BCR transgene, which encodes both
 and 
 heavy chain genes and a  light chain gene,synthesis of membrane-tethered , as well as in mice
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Figure 3. Mutation of Syk and ZAP-70 Does Not Perturb Synthesis of Pre-BCR Components
(A) Southern blot of PCR amplification of rearranged VDJH or DJH genes using DNA from fetal livers of the indicated genotypes, probed with
a fragment spanning JH3 and 4. Amplified products are of different sizes depending on which JH gene (1–4) was rearranged, as indicated.
Numbers of cells analyzed in each lane are indicated. On average 4.9% (0.3, n  48) of the cells analyzed were B220, and these were
largely pro-B cells (CD43CD2).
(B and C) Flow cytometric analysis of bone marrow cells from Rag1/ mice or from radiation chimeras reconstituted with fetal livers cells of
the indicated genotypes, showing histograms of expression of (B) intracellular  in Ly9.1B220lowIgM donor-derived pro-B and pre-B cells
or (C) surface 5 and VpreB on Ly9.1CD19IgM donor-derived pro- and pre-B cells. Numbers show percentage of cells within the region
marked by a horizontal bar.
(D) Flow cytometric analysis of bone marrow cells from radiation chimeras reconstituted with fetal livers of the indicated genotypes containing
the 3-83 BCR transgene. Plots show expression of CD19 and CD2, gated on Ly9.1 cells to exclude host cells. Numbers show percentages
of CD19 cells that are CD2 or CD2.
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leading to the expression of cell surface IgM and IgD
and, on a wild-type background, allows development of
mature B cells expressing predominantly the 3-83 BCR
(Russell et al., 1991). Analysis of chimeras reconstituted
with Syk/ZAP-70/3-83 transgenic fetal liver cells
showed that the transgene did not rescue the pro-B to
pre-B cell developmental block in these mice (Figure
3D). This strongly suggests that in the absence of Syk
and ZAP-70 it is not the synthesis and assembly of the
pre-BCR that is affected but rather signaling from the
receptor.
Defective In Vivo Signaling from Ig
in Syk/ZAP-70/ Pro-B Cells
To assess directly whether Syk and ZAP-70 transduce
signals required for the pro-B to pre-B cell develop-
mental transition, we made use of a previously de-
scribed model in which injection of anti-Ig antibodies
into Rag1/ mice was shown to induce differentiation
of pro-B cells into pre-B cells (Nagata et al., 1997). As
expected, injection of anti-Ig into Rag1/ mice led to
a large increase in pre-B cell number; however, no such
development was seen in Syk/ZAP-70/ chimeras
(Figures 4A and 4B), demonstrating an in vivo require-
ment for Syk and ZAP-70 to transduce an Ig signal
leading to pre-B cell differentiation.
Failure of Immunoglobulin Heavy Chain Allelic
Exclusion in Syk/ZAP-70/ Pro-B Cells
Last, we examined heavy chain allelic exclusion, a pro-
cess known to require a pre-BCR signal, by making use
of the 3-83 BCR transgene. Expression of this transgene
is initiated in pro-B cells and efficiently shuts off endoge- Figure 4. Defective Ig Signaling in Syk/ZAP-70/ Pro-B Cells
nous heavy chain rearrangement. PCR analysis showed (A) Flow cytometric analysis of bone marrow cells from Rag1/
that, as expected, in all four genotypes of fetal liver cells mice or radiation chimeras reconstituted with Syk/ZAP-70/ fetal
liver cells, 13 days following injection with PBS or anti-Ig antibody.expressing 3-83, DH-JH joining was readily detectable,
Plots show expression of CD19 and CD2 gated on Ly9.1 cells towhereas, in wild-type or ZAP-70/ cells, no VH-DJH
exclude host cells. Numbers show percentages of CD19 cells thatjoints were seen, indicative of allelic exclusion (Figure
also express CD2.5A). In contrast, in Syk/ZAP-70/3-83 cells, high lev-
(B) Graph showing percentage of CD19 cells expressing CD2 in
els of VH-DJH joining were seen, comparable to levels mice analyzed as in (A). Each point represents analysis of a different
seen in nontransgenic fetal livers (cf. Figure 3A), demon- mouse at 7, 10, or 13 days postinjection. Rag1/ mice but not
Syk/ZAP-70/ chimeras showed a significant increase instrating a failure of allelic exclusion. This effect cannot
CD19CD2 cells (p 	 0.0001).be due to counterselection of 3-83 expressing cells
as 90% of the CD19 cells in the fetal liver of
Syk/ZAP-70/3-83 embryos expressed the 3-83 BCR
on the surface (data not shown). Syk/3-83 fetal liver
that the observed differences in the percentages of dou-cells showed an intermediate phenotype with low levels
ble expressors were not due to developmental stage, weof VH-DJH joining, suggesting a partial failure of allelic
directly determined the frequency of IgMaIgMb cells inexclusion. To formally demonstrate a failure of allelic
wild-type 3-83 pro-B cells to be 0.5 0.09% (Figure 5C).exclusion, we made use of the allotypic difference be-
Thus, Syk/ZAP-70/ pro-B cells show a substantialtween the transgenic heavy chain (a) and endogenous
increase in the percentage of double expressors relativeheavy chain (b) to enumerate cells expressing both
to wild-type pro-B cells. These results demonstrate thatheavy chains. Whereas in wild-type 3-83 or ZAP-70/3-
in the absence of Syk and ZAP-70, B lineage cells do83 chimeras less than 1% of B lineage cells expressing
not shut off heavy chain gene rearrangement despitethe 3-83 (IgMa) BCR also expressed IgMb, in Syk/ZAP-
the presence of a rearranged BCR, resulting in the gen-70/3-83 chimeras, 6.1% of the cells expressed two
eration of cells expressing two different functional heavydifferent heavy chains (Figure 5B). Once again, the
chains, thus violating the principle of allelic exclusion.Syk/3-83 chimeras showed an intermediate pheno-
type with 2.3% of double expressors. The analysis in
Figure 5B was carried out on all B lineage cells, which Discussion
in wild-type 3-83 chimeras included pro-B, pre-B, imma-
ture, and mature B cells, whereas Syk/ZAP-70/3-83 Disruption of the Syk gene in DT40 cells, a chicken B
cell leukemia, had shown that Syk is essential to transducechimeras only contain pro-B cells (Figure 3D). To confirm
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Figure 5. Failure of Immunoglobulin Heavy Chain Allelic Exclusion in Syk/ZAP-70/ Pro-B Cells
(A) Southern blot of PCR analysis of VDJH and DJH recombination carried out as described in Figure 3A on DNA from fetal livers of the indicated
genotypes that also carried the 3-83 BCR transgene.
(B) Flow cytometric analysis of bone marrow cells from chimeras reconstituted with fetal livers of the indicated genotypes that also carried
the 3-83 BCR transgene. Plots show the expression of IgMa and IgMb on the surface of CD19Ly9.1 donor-derived cells, and numbers show
the percentage of IgMa cells that also express IgMb. Mean percentage (SEM) of IgMaIgMb cells and number (n) of mice analyzed: Wt
0.6% (0.1, n  4); ZAP-70/ 0.8% (0.2, n  3); Syk/ 2.3% (0.6, n  3); Syk/ZAP-70/ 6.1% (0.9, n  3). In comparison, in the
bone marrow of nontransgenic (BALB/c x B10)F1 (IgMa/b) mice, typically 2.08% (0.24%, n  3) of CD19IgM cells express both IgMa and
IgMb (data not shown).
(C) Flow cytometric analysis of bone marrow cells from wild-type (Wt) mice carrying the 3-83 BCR transgene. Plots show the expression of
IgMa and IgMb on the surface of CD19CD2 pro-B cells, and the numbers show the percentage of IgMa cells that also express IgMb. Mean
percentage (SEM) of IgMaIgMb cells and number (n) of mice analyzed is 0.5% (0.09, n  4). Expression levels of IgMa on Wt 3-83 and
Syk/ZAP-70/3-83 pro-B cells are similar (data not shown). The apparent difference in IgMa levels seen between Wt 3-83 and Syk/ZAP-
70/3-83 pro-B cells in (C) and (B), respectively, is due to experiments carried out on different days.
BCR signals that result in an intracellular calcium flux, MAP cell transition and suggested that the pre-BCR could sig-
nal independently of Syk (Turner et al., 1995; Cheng etkinase activation, and induction of gene transcription
(Takata et al., 1994; Kong et al., 1995; Jiang et al., 1998). al., 1995). The results presented in this study show that
this is due to functional redundancy with the related SykThus, it was surprising that targeting of the murine Syk
gene resulted in only a partial block at the pro-B to pre-B family kinase ZAP-70. Removal of both Syk and ZAP-
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70 resulted in a complete block at the pro-B cell stage, a membrane-associated pre-BCR to transduce a signal
leading to the cessation of heavy chain rearrangementjust prior to pre-BCR signaling. Furthermore, using
mixed radiation chimeras, we demonstrated that this (Kitamura and Rajewsky, 1992). The role of the surrogate
light chains (SLC) in this process is less clear. Micerequirement for ZAP-70 is within B lineage cells them-
selves. This ruled out the formal possibility that Syk- deficient in both VpreB1 and 2 show normal allelic exclu-
sion (Mundt et al., 2001), whereas 5-deficient mice weredeficient pro-B cells are able to differentiate into pre-B
cells because of help provided in trans by a ZAP-70- reported to show a failure of allelic exclusion (Loffert et
al., 1996). However, this latter finding has been ques-dependent cell. In agreement with this result, we were
able to directly demonstrate expression of ZAP-70 in tioned (ten Boekel et al., 1998). Furthermore, mice defi-
cient in all three SLC (5, VpreB1 and 2) still apparentlypro-B, pre-B, and mature B cells. Failure to see ZAP-
70 expression in B lineage cells in earlier publications show allelic exclusion, although this was analyzed only
within IgM-expressing cells rather than pro-B cells(Chan et al., 1992) may be due to differences between
immortalized B cell lines and the primary cells used in (Shimizu et al., 2002). Taken together, these studies
show that allelic exclusion requires assembly of a pre-this study, or to the recent availability of more sensitive
antibodies to ZAP-70. BCR containing membrane-bound  heavy chain, but
the exact requirement for other proteins is currently un-Our results show that the developmental block at the
pro-B cell stage in the absence of both Syk and ZAP- certain. Potentially, 5 is required for allelic exclusion
or perhaps other yet uncharacterized protein(s) (re-70 is not due to defective synthesis or assembly of
the pre-BCR but rather results from defective pre-BCR viewed in Martensson et al., 2002). Whatever the precise
composition of the pre-BCR which signals allelic exclu-signaling. Furthermore, all developmental events contin-
gent on pre-BCR signaling that we have examined are sion, our results demonstrate that a Syk family kinase
is required to transduce signals from the receptor. Oncedefective in the absence of the two kinases. The cells do
not differentiate into pre-B cells, expand in cell number, again, the Syk/ZAP-70 double mutation described here
is the first signaling mutation to cause a failure of heavyshut down heavy chain rearrangement, turn off expres-
sion of surrogate light chain genes, and upregulate light chain allelic exclusion. In contrast, it has been shown
that a constitutively active allele of Raf1 can promotechain gene rearrangement (data not shown). To our
knowledge, this is the first genetic alteration of signaling the maturation of pro-B cells into pre-B cells but does
not lead to allelic exclusion (Iritani et al., 1999). Thismolecules resulting in a complete block at the pre-BCR
checkpoint. Whether any signals are still transduced has been interpreted to indicate that distinct signals
downstream of the pre-BCR mediate maturation of andfrom the pre-BCR in the absence of Syk and ZAP-70
is currently unknown and awaits the development of allelic exclusion in pro-B cells. Taken together with our
work, this would indicate that Syk and ZAP-70 act at asystems for directly studying pre-BCR signaling in pri-
mary pro-B cells. proximal point in the pre-BCR signaling cascade, prior
to the bifurcation of pathways leading to maturation (viaA number of other mouse mutations have resulted in
a similar severe block in pre-B cell development. Mice Raf1) and allelic exclusion, respectively.
The functional redundancy between Syk and ZAP-70carrying the MT mutation are unable to make a mem-
brane-tethered  heavy chain (Kitamura et al., 1991) and in transducing pre-BCR signals required for the transi-
tion from pro-B to pre-B cells is analogous to a similarmice with deletions of the JH genes are unable to make
any  at all (Ehlich et al., 1993; Chen et al., 1993). Both redundancy seen in early T cell development (Cheng et
al., 1997). In this study combined disruption of Syk andmutations fail to make a membrane-associated pre-BCR
complex resulting in a complete block between the pro- ZAP-70 was shown to cause a developmental arrest be-
tween the CD4CD8 (double-negative) and CD4CD8and pre-B cell stages. Similarly, mice deficient in the
surrogate light chains 5 or VpreB1 and 2, or carrying (double-positive) stages of thymic maturation, corre-
sponding to a developmental checkpoint monitoring formutations in the cytoplasmic domains of both Ig and
Ig are profoundly blocked at this checkpoint (Kitamura functional rearrangement of TCR  chain. Transition
through this checkpoint requires signals from the pre-et al., 1992; Mundt et al., 2001; Reichlin et al., 2001;
Kraus et al., 2001). All these mutations affect the pre- TCR, and presumably in the absence of both Syk and
ZAP-70, pre-TCR signaling is compromised, resulting inBCR complex itself and underscore its importance in
controlling the transition of cells through the checkpoint. the developmental block. Interestingly, mice defective
in either kinase alone showed no block, suggesting thatIn contrast, the combined Syk/ZAP-70 mutation de-
scribed in this manuscript represents the first mutation both enzymes were equally able to transduce pre-TCR
signals. In contrast, our study shows that while bothin signaling molecules to cause a similar severe develop-
mental block. In view of the reported binding of Syk to Syk and ZAP-70 can transduce pre-BCR signals, Syk is
the more important signal transducer from the pre-BCR,the phosphorylated ITAMs of Ig and Ig, it is likely that
Syk and ZAP-70 function immediately downstream of since mice defective in only Syk show a partial block in
the pro-B to pre-B cell transition, whereas the ZAP-70the pre-BCR complex, and our results demonstrate that
this function is critical for pre-BCR signal transduction. mutation alone had no effect.
Another interesting parallel emerges at the secondOne of the more striking phenotypes of the
Syk/ZAP-70/ chimeras is the failure of heavy chain checkpoint of lymphoid development which monitors
for the formation of a functional antigen receptor follow-allelic exclusion. The effect is graded in that the Syk/
single mutant already shows a partial failure, which is ing light chain or  chain rearrangement. In both B and
T cell development, this checkpoint seems to be com-accentuated by the loss of both kinases. A failure of
heavy chain of allelic exclusion has previously been de- pletely dependent on one of the Syk family kinases de-
spite expression of both members. So differentiation ofscribed in MT mice, demonstrating the importance of
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The following antibodies were purchased from Becton Dickinson:immature IgM B cells into the mature recirculating B
anti-CD19-biotin (ID3), anti-CD2-PE (RM2-5), anti-CD43-biotin (S7),cell pool is completely blocked in the absence of Syk,
anti-BP-1-PE (6C3), anti-HSA-FITC (M1/69), anti-Ly-9.1-biotin ordespite expression of ZAP-70 (Turner et al., 1997; Cor-
-FITC (30C7), anti-IgMa-FITC (DS-1), anti-IgMb-PE (AF6-78), anti-
nall et al., 2000). Conversely, positive selection of dou- B220-CyChr (RA3.6B2), and Streptavidin-PECy7. Anti-B220-APC
ble-positive thymocytes into CD4 or CD8 single-posi- (RA3.6B2) was from Caltag. Anti-5-biotin (LM-34) and anti-VpreB-
biotin (VP-245) (Karasuyama et al., 1993) were gifts from L. Ma˚r-tive  thymocytes and T cells is completely blocked
tensson (Babraham Institute, UK); anti-H-2Kb-biotin (MV3) was fromin ZAP-70-deficient mice despite expression of Syk
R. Zamoyska (NIMR, UK). The following hybridomas were used to(Negishi et al., 1995; Kadlecek et al., 1998). In the T
generate monoclonal antibodies: anti-Ig (HM-79b) (Nagata et al.,lineage this appears to be due to insufficient levels of
1997), anti-CD16 (2.4G2) (a gift from B. Stockinger [NIMR, UK]), anti-
Syk, as overexpression of Syk rescues the block in posi- IgM (B76) (a gift from G. Klaus [NIMR, UK]). Anti-CD19 (ID3) antibody
tive selection in ZAP-70/ mice (Gong et al., 1997); a was labeled with APC using the Phycolink kit (Prozyme, CA).
For intracellular staining of , cells were first stained with antibod-similar explanation may hold in the B lineage. Alterna-
ies to cell surface antigens, washed in PBS, fixed in 3% paraformal-tively, the selection signals delivered by the pre-BCR
dehyde on ice for at least 1 hr, washed twice in PBS, and incubatedand BCR may be distinct, showing differential depen-
in 50 mM NH4Cl for 15 min at room temperature. After another washdence on Syk family kinases.
in PBS, cells were permeabilized using PBS, 1% NP-40 for 3 min,
In conclusion, we have shown that, unexpectedly, washed, stained with goat-anti-mouse IgM-FITC (Serotec, UK) and
ZAP-70 is expressed in B lineage cells and plays a role washed in PBS.
in early B cell development, which is revealed in the
absence of Syk, demonstrating functional redundancy
Immunoblottingbetween these two kinases. Furthermore, we have
Cytoplasmic lysates were prepared from sorted cells using cell lysis
shown that in the absence of both kinases a number of buffer (NEB) containing small peptide inhibitors (Sigma-Aldrich, UK)
pre-BCR induced events are blocked, including differen- and 1 mM Na3VO3 for at least 30 min on ice, followed by centrifuga-
tiation into pre-B cells, proliferative expansion, and tion for 30 min at 13,000 rpm at 4C to remove nuclei and debris.
An equal amount of 2 reducing sample buffer was added andheavy chain allelic exclusion.
denatured for 5 min at 100C. SDS-PAGE and immunoblotting were
performed by standard procedures. The following antibodies wereExperimental Procedures
used for immunoblotting: anti-ZAP-70 (Becton-Dickinson), anti-
ERK-1 (K-23, Santa-Cruz), and anti-tubulin (TAT-1) (a gift from S.Mice and Radiation Chimeras
Ley [NIMR, UK)). Secondary antibodies were rabbit-anti-mouse-HRPSyk-deficient mice (Syktm1Tyb/tm1Tyb, Syk/) were generated in our lab-
(DAKO, Ltd, UK) and protein-A-HRP (Amersham Biosciences, UK).oratory (Turner et al., 1995) and backcrossed six generations to
B10.D2 or ten generations to BALB/c. ZAP-70 mutant mice (Kad-
lecek et al., 1998) were provided by A. Weiss (UCSF) originally on
VDJ and DJ Rearrangement
a C57BL/10 background and were crossed for two generations to
Day 16.5 fetal livers were harvested, and erythrocytes were removed
B10.D2-Syk/ mice, intercrossed, and selected for mice that were
as above. 107 fetal liver cells were lysed in 100 mM Tris-HCl (pH
ZAP-70/ and either H-2d/d or H-2b/b. 3-83
 transgenic mice on a
8.5), 100 mM NaCl, 5 mM EDTA, 0.2% SDS, 200 g/ml Proteinase
B10.D2 background were provided by D. Nemazee (Russell et al.,
K (Boehringer Mannheim) and incubated at 55C for 2–24 hr. DNA
1991). Rag1-deficient mice (Spanopoulou et al., 1994) provided by
was precipitated by adding 0.7 volume isopropanol, collected by
D. Baltimore (Caltech) were backcrossed for ten generations to
centrifugation at 13,000 rpm for 20 min, washed once with 70%
C57BL/10 or B10.D2. HC-186 transgenic mice (Young et al., 1994)
ethanol, air dried, and resuspended in 500 l TE. First round PCR
provided by F. Alt (Harvard Medical School) were crossed directly
reactions were set up using DNA from 20,000, 4,000, and 800 cells.
to C57BL/10-Rag1/ mice.
For the second round reaction 1 l of the first round PCR product
To generate radiation chimeras, recipient mice were irradiated
was used. The 50 l reaction mix for both rounds contained 1
with two doses of 500 rad and administered 3 hr apart, followed by
PCR buffer, 1 U Taq polymerase (both from AB Systems), 3 mM
i.v. injection of 5  106 donor e16.5 fetal liver cells. Mice were given
MgCl2, 0.4 mM of each of the four dNTPs (Amersham Pharmacia0.16% neomycin-sulfate (Sigma) in their drinking water for 4 weeks
Inc.), and 12.5 pmol primers. Previously described primers were
posttransfer and analyzed 8–14 weeks after transfer. Radiation chi-
used for first and second round amplifications from VHJ558 genesmeras for developmental assays were generated using (BALB/c x
(Corcoran et al., 1998) as well as DHFL16,DHSP2 genes and for
B10.D2)F1 (Ly-9.1/9.2, H2d/d) recipients and donor fetal livers on
sequences 3 of JH4 (ten Boekel et al., 1995). PCR conditions wereB10.D2 (Ly9.2/9.2, H-2d/d) background. Mixed fetal liver radiation
as described (Corcoran et al., 1998). PCR products were separated
chimeras were generated by injecting 1:9, 1:3, 1:1, 3:1, and 9:1
on 2% agarose gels, transferred onto Hybond N (Amersham-Phar-
mixtures of fetal liver cell suspensions from (BALB/c x B10.D2)F1-
macia) membranes, and probed with a 2 kb BamHI-EcoRI fragment
Syk/ (Ly-9.1/9.2, H2d/d) and B10.D2-Syk/ZAP-70/ (Ly-9.2/9.2,
spanning JH3 and JH4 (gift from K. Rajewsky, University of Cologne,H2d/d) embryos into irradiated (BALB/c x C57BL/10)F1 mice (Ly-9.1/
Germany).
9.1, H2b/d). All mixtures gave qualitatively the same result.
Flow Cytometry Anti-Ig Injection
Bone marrow cells were obtained by flushing out cells from the Radiation chimeras were generated as described above by injecting
femur and tibia of both hind legs. Erythrocytes were lysed by incu- fetal liver cells from Syk/ZAP-70/ (Ly-9.2/9.2, H2b/b) embryos
bating in 0.15 M NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA (pH 7.2–7.4) into irradiated 129/Sv (Ly-9.1/9.1, H2b/b) recipients. Eight to ten
for 2 min at room temperature. Cells were stained in PBS, 0.5% weeks later, chimeric mice and intact B10.D2-Rag1/ mice were
BSA, 0.01% NaN3, containing the appropriate, pretitered antibodies. injected intraperitoneally with 1 mg purified anti-Ig antibody
To avoid nonspecific binding of antibodies through Fc receptors, (HM79b) or with an equal volume of PBS. Bone marrow cells were
cells were pretreated with 2.4G2 (anti-CD16/CD32) antibody, before harvested and analyzed 7, 9, or 13 days after injections. No signifi-
adding specific antibodies. Three-color analysis was done on cant differences were found between these three time points.
FACScan, four-color analysis on FACSVantage and FACSCalibur,
and sorting on FACStar Plus (all Becton Dickinson, CA) and on
MoFlo (Cytomation, Inc., Oxon, UK). The analysis was carried out Statistical Analysis
All statistical comparisons were carried out using the nonparametricusing CELLQuest software (Becton Dickinson). All plots shown are
representative of at least three independent experiments. two-tailed Mann-Whitney test.
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